Allergic and inflammatory responses are functionally linked through a cascade of signaling events that connect the aggregation of the high affinity IgE receptor (Fc RI) on mast cells and the initiation of cyclooxygenase-2 (COX-2) expression. In this study, we identified the cis-acting elements in the cox-2 promoter that control the expression of COX-2 in RBL-2H3 mast cells. We also investigated how the inflammatory reaction is controlled by the allergic reaction by determining the signaling components employed by Fc RI in the transcriptional regulation of cox-2. Among cis-acting components present in the cox-2 promoter, the CREB binding site, as well as the AP-1 and proximal NF-IL6 binding sites to a lesser extent, were required for the transcriptional regulation of the cox-2 promoter. However, NF-B and Ets-1 binding sites exerted negative effects on the cox-2 promoter activity. Among the signaling components of Fc RI, Fyn, PI 3-kinase, Akt, and p38 MAPK positively mediated the COX-2 expression.
Introduction
Allergy, an immediate hypersensitivity reaction, is initiated by the binding of allergen on the immunoglobulin E (IgE)-sensitized high affinity IgE receptor (Fc RI) on mast cells [1, 2] , leading to the release of various inflammatory mediators. It is therefore difficult to discuss allergy and inflammation separately as the latter might occur in the process of the former. Thus, elucidation of the signaling pathways involved between the Fc RI 726 activation and cyclooxygenase-2 (COX-2) expression is required for a clear understanding of the functional interaction between allergic and inflammatory reactions. Some mediators are pre-formed, stored in secretory granules of mast cells, and immediately released in response to Fc RI cross-linking. Other mediators such as cytokines and lipid-derived eicosanoids, including prostanoids, are generated de novo [3, 4] .
Prostanoids are synthesized from arachidonic acid through the catalytic action of two different isotypes of COX [5, 6] . COX-1 is constitutively expressed in most mammalian cells, and is believed to perform "housekeeping" activities for normal cellular functions. On the other hand, COX-2 is an inducible enzyme whose expression is greatly elevated at sites of inflammation. In mast cells, the generation of prostanoids follows two different phases of prostaglandin D 2 (PGD 2 ) production. The short-lived initial phase is mediated by COX-1. The second phase, mediated by COX-2, occurs with prolonged exposure to allergen and leads to sustained production of PGD 2 [7] [8] [9] .
The promoter region of cox-2 contains a TATA box and various putative transcriptional regulatory elements such as NF-B, C/EBP, CREB, and AP-1 binding sites [10, 11] . The expression of COX-2 varies depending on the cell type and the nature of the stimuli. In addition, various cis-acting regulatory elements, transcription factors, and signal transduction pathways are involved. Therefore, most studies on the molecular mechanism of COX-2 expression have focused on the determination of signaling pathways and transcription factors that converge on these cis-acting cox-2 regulatory sites.
In mast cells, Lyn and Fyn initiates two independent and interdependent signaling pathways of Fc RI [12, 13] , respectively through the adaptors LAT (linker of activated T cells) and Gab2 [14, 15] . Fyn and Gab2 are required for the activation of PI3K and Akt [15, 16] , whereas LAT is essential for the activation of PLC [17] . Mast cell activation is suggested to be regulated by these two integrated signaling pathways. It would be interesting to understand whether each pathway independently or in collaboration regulate COX-2 expression in mast cells.
In this study, we utilized mutants of the cox-2 promoter in which extensive mutations were introduced into putative binding sites for transcriptional factors. We also used various dominant negative mutants, constitutively active mutants, or pharmacological inhibitors of transcriptional factors or signaling components of Fc RI to explore the functional relationship between allergic and inflammatory responses in mast cells.
Materials and Methods
Materials BAY11-7082 (NF-B inhibitor) was purchased from Biomol (Plymouth, PA, USA). Antibodies to COX-2 were purchased from BD Bioscience (Franklin Lakes, NY, USA). SP600125 (JNK inhibitor), wortmannin (PI 3-kinase inhibitor), PMA, PP2 (Src inhibitor), piceatannol (Syk inhibitor), and U-73122 (PLC inhibitor) were purchased from Sigma/Aldrich Chemical Co (St. Louis, MO, USA). Triciribine (Akt inhibitor), Gö6976, and Gö6983 (PKC inhibitors) were purchased from EMD Biosciences (Sand Diego, CA, USA). SB 202190 HCl (p38 MAPK inhibitor) was purchased from LC labs (Woburn, MA, USA). U0126 (MEK inhibitor) was purchased from Cell Signaling (Danvers, MA, USA).
DNA constructs
The full-length mouse cox-2 promoter region (963 bp) was cloned into the pGL3 basic luciferase expression vector (Promega, Madison, WI) [11] . Deletion mutants derived from full-length cox-2 promoter, -720F, -320F, and -52F, contained the corresponding lengths of cox-2 promoter (720/1, 320/1, 52/ 1). Point mutants were created on the following putative cis-acting element response sites in the cox-2 promoter: C/EBP(3)-(900/895), Ets-1-(800/794), NF-B-(402/392), NF-IL6(2) or C/EBP(2)-(135/130), NF-IL6(1) or C/EBP(1)-(90/86), AP-1-(65/ 60), and CRE-(60/56). Detailed information on these mutant constructs is available from the previous study [11] . N17 Ras (DN-Ras), N Raf (DN-Raf), MEK-LIDA (DN-MEK), MEK-EE (CA-MEK), DN-p38 MAPK, and DN-ERK, were provided by Dr. KY Lee (Chonnam National University, Korea). Constitutively active Fyn (Fyn-Y531F) and kinase-dead Fyn (Fyn-K299M) cDNA were provided by Dr. T. Yamamoto (University of Tokyo).
Cells and cell culture
Rat basophilic leukemia (RBL-2H3) cells (ATCC) were maintained as monolayer cultures in Eagle's Minimum Essential Medium containing 10% fetal bovine serum (Invitrogen Life Technologies, Carlsbad, CA, USA). Penicillin (100 U/ml) and streptomycin (100 g/ml) were added to the culture, and the cells were maintained at 37°C in an atmosphere of 5% CO 2 in air.
Reporter gene assays RBL-2H3 cells were plated into 100-mm cell culture plates and then incubated overnight to 70% confluence. Cells were transfected using Lipofectamine plus reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol or by electroporation. The next day, the cells were dispensed into 24-well plates and treated with anti-DNP-specific mouse IgE (0.5 g/ml) overnight at 37°C. In some experiments, transfected cells were pretreated with vehicle or pharmacological inhibitors for 30 min before treatment with DNP-BSA (30-1,000 ng/ml) for 4 hr. The luciferase activity was measured using the Dual Luciferase Reporter System (Promega, Madison, WI, USA).
Degranulation assays
The methodology for the degranulation assays was reported elsewhere [18] . RBL-2H3 cells were treated with IgE (0.5 g/mL) overnight; the next morning, the cells were washed and pre-incubated in PIPES buffer (pH 7.2, 119 mM NaCl, 5 mM KCl, 0.4 mM MgCl 2 , 25 mM PIPES, 40 mM NaOH, 5.6 mM glucose, 1 mM CaCl 2 , 0.1% BSA) for 10 min at 37°C. The cells were treated with the antigen (DNP-BSA, 1 g/ml) for 10 min at 37°C. The supernatants were added into 96-well plates and incubated with substrate (1 mM p-nitrophenyl-N-acetyl-Dglucosaminide) for 1hr. Stop solution (0.1 M Na 2 CO 3 /NaHCO 3 ) was added, and the absorbance at 405 nm was measured using an ELISA reader.
Statistical analysis
All of the results are expressed as mean±SEM. Comparisons between groups were performed using Student's t test.
Results

Characterization of allergen-mediated induction of COX-2 in mast cells
The promoter activity of cox-2 in mast cells consists of basal and Fc RI-induced components. For example, certain levels of cox-2 promoter activity were observed in resting RBL-2H3 cells and were further increased by stimulation with DNP-BSA. The expression of COX-2 showed similar patterns to the cox-2 promoter activities (Fig.1A&B) . A dose-dependent increase in the cox-2 promoter activity and expression of COX-2 was observed in response to antigenic stimulation of Fc RI.
CREB, NF-IL6, and AP-1 binding sites have stimulatory effects on the transcriptional regulation of cox-2 promoter
The cox-2 promoter (-963 to +1) contains various consensus cis-acting elements that bind to various transcription factors such as C/EBP, Ets-1, NF-B, distal and proximal NF-IL6 [IL6(2) and IL6(1), respectively, in Fig.2 ], AP-1, CRE, and a TATA box, which are putative transcriptional response elements in the cox-2 promoter. A previous study in MMC-34 mast cells showed that specific mutation of CRE and NF-IL6 sites inhibited the activity of cox-2 promoter [19] . However, these studies used only a limited number of cox-2 promoter mutants to completely understand the roles of each site, for example, it was not determined which NF-IL6 binding site is important.
As an initial step to determine which cis-acting elements are involved in the transcriptional regulation of cox-2 induction, cox-2 promoter mutants in which the 5'-region was consecutively deleted were utilized ( Fig.2A) . In 720F-cox-2 promoter, the C/EBP and Ets-1 binding sites were deleted; in 320F, the NF-B-binding site was additionally deleted; 52F contained only the TATA box. As shown in Fig.2A , the cox-2 promoter activity of the -720F and -320F deletion mutants gradually and significantly increased but was completely abolished in -52F mutant. These results suggest that proximal cis-acting elements between positions 1 and 320 have critical roles in cox-2 promoter activity and that the three distal binding sites for transcription factors (C/EBP, Ets-1, NF-B) might have inhibitory effects on cox-2 promoter activity.
To determine the specific roles of each cis-acting element on the cox-2 promoter, each consensus site was individually mutated. As shown in Fig.2B , mutation of the CREB binding sites completely abolished cox-2 promoter activity. Mutations of the AP-1 binding site and the proximal NF-IL6 binding site also significantly inhibited the cox-2 promoter activity. The importance of the NF-IL6 site was also confirmed with the rat cox-2 promoter. Unlike the murine cox-2 promoter used in this study, the rat cox-2 promoter contains a single NF-IL6 site. Mutation of NF-IL6 site in rat cox-2 promoter produced similar inhibition as mutation of the proximal NF-IL6 site in the murine cox-2 promoter (Fig.3A) .
NF-B binding site has an inhibitory effect on the transcriptional activity of cox-2 promoter in mast cells
Successive deletions of the 5'-terminus of the cox-2 promoter resulted in gradual increases in promoter activity ( Fig.2A) . As expected from the results with the deletion mutants, mutation of the Ets-1 or NF-B site resulted in increased cox-2 promoter activity. NF-B is essential for the transcription of pro-inflammatory molecules such as IL-1, IL-6, and TNF- [20] . In this sense, it is unexpected that an NF-B binding site would negatively influence cox-2 promoter activity. However, similar results were reported from MMC-34 mast cells: the promoter activity of cox-2 was markedly elevated The Cox-2 Promoter in Mast Cells both in resting and activated mast cells when the NF-B binding site was mutated, even though they did not emphasize it [19] . Simultaneous mutations of the NF-B site and of the CREB site rescued cox-2 promoter activity that was completely abolished in the CREB mutant (the last construct in Fig. 2B ). It is possible that the increase in cox-2 promoter activity was caused by conformational changes of promoter region which were introduced by mutations in the NF-B binding sites rather than by abolishment of NF-B binding. To confirm these results, cells were treated with BAY11-7082 to inactivate NF-B. As shown in Fig.3B , treatment of RBL-2H3 cells with NF-B inhibitor increased the cox-2 promoter activity in a dose-dependent manner. The levels of COX-2 were also increased when cells were treated with BAY11-7082 (Fig.3C) . Therefore, it could be concluded that the binding of NF-B exerts negative regulatory activities on the cox-2 promoter in mast cells.
Roles of Fc RI signaling components in the transcriptional control of cox-2 promoter activity and protein levels in mast cells
With respect to the generation and release of PGs in mast cells, immediate release of inflammatory mediators stored in granules occurs in response to allergenic stimulation of Fc RI. Subsequent production of PGD 2 occurs with prolonged exposure to allergen. Antigenic aggregation of Fc RIs activates the receptorassociated tyrosine kinases, Lyn and Fyn, and causes tyrosine phosphorylation of multiple substrates. As previously reported [12, 14] , Lyn mediates a series of signaling cascades including activation of phospholipase C (PLC) and the Ras/Raf/MEK cascade. On the other hand, Fyn mediates a different set of signaling that involves Gab2/PI 3-kinase/Akt. Therefore, it was postulated that Fc RI-mediated mast cell degranulation is mediated through collaboration between two pathways initiated by Lyn and Fyn [14, 21] .
We wanted to determine how these signaling components regulate the COX-2 expression. As shown in Fig.4A , inhibition of the signaling components of Fc RI, such as Src, Syk, and PI 3-kinase, inhibited the mast cell degranulation. Antigen-induced increases in cox-2 promoter activity were also significantly inhibited in cells treated with PP2 (a Src inhibitor), wortmannin (a PI 3-kinase inhibitor), and piceatannol (a Syk inhibitor) (Fig.4B ). Since PI 3-kinase is oppositely regulated by Lyn and Fyn, the effects of the PI 3-kinase inhibitor on COX-2 expression were further studied. As shown in Fig.4C , increased COX-2 levels by DNP-BSA stimulation were Cell Physiol Biochem 2012; 29:725-736 abolished by wortmannin, suggesting that the Fyn/Gab2/ PI3K pathway is operative in COX-2 regulation. In support of this, the constitutively active mutant of Fyn increased the cox-2 promoter activity while the dominant negative mutant of Fyn inhibited it (Fig.4D ). An inhibitor of Akt (triciribine) also inhibited COX-2 expression (Fig.4E) . These results suggest that the Fyn-initiated signaling pathway of Fc RI, which is linked to PI 3-kinase and the Akt pathway [14] , constitutes a route to regulate COX-2 expression.
Roles of different MAPK cascades in the regulation of COX-2 expression in mast cells
ERK, JNK, and p38 MAPK are activated in response to aggregation of Fc RIs [22] . To determine the specific MAPK subtype required for transcriptional regulation of cox-2, cells were treated with specific MAPK inhibitors or transfected with expression vectors encoding dominant negative (DN)-p38 MAPK and DN-ERK. The cox-2 promoter activity was inhibited by SB 202190 (a p38 MAPK inhibitor) (Fig.5A) and by coexpression of DN-p38 MAPK (Fig.5B) . On the other hand, SP600125, a JNK inhibitor, did not exert a significant inhibitory effect on the cox-2 promoter activity (Fig.5C) . Dominant negative mutants of ERK significantly inhibited the Fc RI-mediated increases in the transcriptional activity of the cox-2 promoter (Fig.5D) . As in the reporter gene assay, inhibition of p38 MAPK but not JNK resulted in the inhibition of COX-2 expression (Fig.5E) . Overall, these results show that p38 MAPK and ERK but not JNK cascades are involved in the regulation of cox-2 promoter activity in mast cells.
Contribution of ERK cascade on the transcriptional and translational regulation of COX-2 expression
The involvement of Ras/Raf-1/ERKpathways in the transcriptional regulation of the cox-2 promoter has been reported in a murine mastocytoma cell line, MMC-34 [19] . In the case of RBL-2H3 mast cells, inhibition of MEK with PD98059, a specific inhibitor of MEK, did not affect COX-2 expression [23] . We were curious whether these discrepancies resulted from differences in cell type or at the level of regulation, i.e., transcription or translation.
Co-expression of dominant negative mutants of Ras (data not shown), Raf-1, and MEK, inhibited the cox-2 promoter activity (Fig.6A&B ) but constitutively active MEK increased the cox-2 promoter activity (Fig.6C) . DN-ERK also inhibited COX-2 expression (data not shown). In agreement with this, treatment with U0126, a MEK inhibitor, inhibited cox-2 reporter activity in a dosedependent manner (Fig.6D ) and the expression of COX-2 (Fig.6E) .
Complex roles of PKC pathway on the regulation of COX-2
At least 6 different PKC subtypes are present in RBL-2H3 cells: conventional calcium-dependent PKCand PKC-; novel calcium-independent PKC-, -, and -; and atypical PKC- [24, 25] . PKC-, -, andmediate positive signals for secretion, while PKC-and -subtypes mediate inhibitory signals for PLC activity [25, 26] .
To determine the involvement of PKCs in the regulation of cox-2 transcriptional activity, cells were treated with either PMA or PKC inhibitors. As shown in Fig.7A , Gö6976, which effectively inhibits PKCand PKC-, showed inhibitory effects on cox-2 promoter activity. On the other hand, Gö6983, which inhibits PKC-, -, -, -, and -, potentiated it (Fig.7B) . Considering that inhibition of PKC-and -results in the inhibition of COX-2 induction (from Gö6976 results), the results from Gö6983 treatments suggest that PKC-or -might have negative feedback activities on COX-2 induction.
Inhibition of PLC, an upstream signaling component of PKCs, significantly inhibited the mast cell degranulation (data not shown). Inhibition of the cox-2 promoter activity (Fig.7C ) and protein expression (Fig.7D) was observed when cells were treated with U-73122, a PLC inhibitor. Therefore, the results obtained with the inhibitors of PKC and PLC, suggest that there are complex functional interactions between PKC subtypes and PLC. 
Discussion
In this study, we wanted to identify (i) the cis-acting response element(s) responsible for the induction of COX-2 expression and (ii) the signal transduction pathways that interconnect Fc RI and COX-2 induction in resting and activated RBL-2H3 mast cells. For this, various deletion and point mutants of cox-2 promoter, constitutively active as well as dominant-negative mutants, and selective inhibitors of the signaling components involved in the signaling of Fc RI and COX-2 induction, were utilized.
Previous studies in MMC-34 mast cells showed that CRE and NF-IL6 sites are involved in cox-2 promoter activity [19] . In this study, we confirmed these previous results and, by creating additional mutants of the cox-2 promoter in putative consensus sites, determined their authentic roles and the functional interactions needed for the regulation of cox-2 promoter activity in RBL-2H3 cells. This set of constructs contained all the response elements that have been implicated in COX-2 regulation. Our study showed that the majority of binding sites in the cox-2 promoter have active roles, that is, positive or negative activities, rather than neutral roles. In addition, functional interactions among these consensus binding sites seemed to be implied. The consensus binding sites in the proximal region of the cox-2 promoter (AP-1 binding site and CREB binding site) were required for cox-2 promoter activity. On the other hand, consensus binding sites in the distal region of the cox-2 promoter (Ets-1 and NF-B binding sites) had inhibitory activities. These results suggest that the transcriptional activity of the cox-2 Our results show that the proximal but not the distal NF-IL6 binding site in the murine cox-2 promoter is selectively involved in regulating cox-2 promoter activity (Fig.2B) . Unlike the murine cox-2 promoter used in Fig.2 , the human and rat cox-2 promoters each have one consensus NF-IL6 site. When the NF-IL6 binding site of the rat cox-2 promoter was mutated, the cox-2 promoter activity was inhibited (Fig.3A) . Therefore, it is possible that the distal NF-IL6 site in the murine cox-2 promoter might have different functional roles, other than transcriptional regulation of the cox-2 promoter. Also structural differences in the cox-2 promoter may contribute to species differences in the regulation of COX-2 expression in mast cells.
ERK, JNK, and p38 MAPK are activated in response to aggregation of Fc RIs [22] , and ERK and p38 MAPK are functionally related [27] . A previous report suggests that cox-2 transcription is regulated by ERK in the murine MMC-34 mast cell line [19] . On the other hand, another study showed that the induction of COX-2 in stimulated RBL-2H3 cells was abolished by inhibitor of p38 MAPK but not by an inhibitor of MEK, PD98059 [23] . Our study in RBL-2H3 cells shows that COX-2 Cho/Kim/Zheng/Jin/Choi/Yi/Kim expression is regulated by p38 MAPK and ERK which was confirmed both at promoter activity ( Fig.5A&B;  Fig.6D ) and protein levels ( Fig.5E; Fig.6E ). These results agree with a previous study in the MMC-34 mast cell line [19] but somehow different from a previous study in RBL-2H3 cells, which reported that PD98059 another MEK inhibitor failed to inhibit COX-2 expression [23] . This discrepancy probably resulted from differences of MEK inhibitors employed in each study.
Allergic reactions start with the antigenic crosslinking of high affinity IgE receptors, leading to COX-2 induction. As expected, all of the signaling components of Fc RI tested showed inhibitory activities on COX-2 induction except that two different PKC inhibitors (Gö6976 and Gö6983) that inhibited the mast cell degranulation [28] showed opposite effects on cox-2 promoter activity. Therefore, certain signaling components of Fc RI could have different roles in the mast cell degranulation and cox-2 promoter activity depending on their relative contribution to the transcription factors that are responsible for cox-2 transcription.
PKCs are suggested to regulate the binding of AP-1 to CRE site in the cox-2 promoter [29] . PKC-, one of the downstream effectors of the PLC , is able to phosphorylate and activate Raf, thereby activating the MAPK pathway [30] , suggesting a functional interaction 
